Developing genetically modified crop plants that are biologically contained could reduce significantly the potential spread of transgenes to conventional and organic crop plants and to wild or weedy relatives. Among several strategies, the hereditary mode of transmission of transgenes, whether dominant, recessive, or maternal, could play a major role in interspecific gene flow. Here we report on the gene flow between foxtail millet (Setaria italica), an autogamous crop, and its weedy relative, S. viridis, growing within or beside fields containing the three kinds of inherited herbicide resistance. Over the 6-year study, in the absence of herbicide selection, the maternal chloroplast-inherited resistance was observed at a 2 3 10 À6 frequency in the weed populations. Resistant weed plants were observed 60 times as often, at 1.2 3 10 À4 in the case of the nuclear recessive resistance, and 190 times as often, at 3.9 3 10 À4 in the case of the dominant resistance. Because the recessive gene was not expressed in the first-generation hybrids, it should be more effective than dominant genes in reducing gene flow under normal agricultural conditions where herbicides are sprayed because interspecific hybrids cannot gain from beneficial genes.
G ENETICALLY modified (GM) crops could gener-
ate potential benefits in many areas of agricultural performance, including best uses of agrochemicals and simplified farm management, and they may broaden the offer of plant services, including soil detoxification and production of medicinal substances. However, many areas of scientific uncertainty and public concern remain regarding environmental and health hazards. In particular, the question of the (trans)gene flow to wild relatives of GM crops is a hot topic, and the debate is open in Europe about the coexistence of GM and non-GM crops. Spontaneous gene flow from crops in the fields to their wild relatives has been documented for most important crops (Ellstrand 2003) . Designing strategies to prevent (trans)genes from moving into genomes of related species therefore should be of the highest priority.
In addition to agronomical management, technologies for the prevention of transgene flow to nontransgenic plants may significantly reduce concern about its impacts on biodiversity and non-GM crops. They include biotechnology-based switch mechanisms, also called genetic use restriction technologies (Hills et al. 2007) ; transgenic mitigation using a tandem construct where a gene of choice is linked to a gene that is deleterious for a wild recipient plant but neutral for the crop (Al-Ahmad et al. 2005) ; and transgene incorporation into the plant chloroplast because cultivated species generally inherit plastids from the mother and chloroplast genes are not carried by pollen (Daniell 2002) . Although tested in the laboratory, those technologies remain pure theory and there is still little knowledge of their ecological and agronomic effects.
Other genetic strategies, such as multigenic determinism and recessive expression, are advocated. In particular, nuclear recessive genes are not expressed by heterozygous plants, so there is no risk of the presence of the transgene product in the case of a non-GM field pollinated by adjacent GM fields. In addition, they are not expressed in interspecific hybrids between crops and their wild relatives, so that even a beneficial transgene cannot help hybrids to be selected, whatever the habitat. As interspecific hybrids often suffer some lower fitness due to incompatible gene combinations or an unbalanced hybridization process between distantly related species (Ellstrand 2003; Van Tienderen 2004) , this can help reduce the spread of the transgenes. However, homozygous recessive plants occur in hybrid progeny, and these plants could be submitted to favorable selection.
In this article, we aimed at comparing over the course of 6 years the efficiency of this strategy with regard to the present situation of a simple nuclear dominant gene and that of the maternal transgene transmission. We investigated three kinds of herbicide resistance with 1 Mendelian recessive, Mendelian dominant, or maternal inherited genes in the foxtail millet, Setaria italica L., as a model crop. Foxtail millet is the domesticated crop of the late Neolithic civilization of North China (Lu et al. 2005) , but its area has decreased dramatically in recent years. It is a predominantly autogamous cereal that, however, produces numerous pollen grains (1200/ flower) of which at least 1.4% move away from the plant and can fertilize male-sterile target plants up to 40 m away (Gu 1987; Wang et al. , 2001 ). It can cross with its putative wild ancestor, the green foxtail Setaria viridis L., a weed widespread worldwide that shares the same genome (2n ¼ 18; Benabdelmouna et al. 2001) and also displays predominant autogamy, with 0.8% outcrossing on average under natural conditions and up to 4.1% under favorable conditions (Till-Bottraud et al. 1992) . Seeds produced by green foxtail growing between the rows of a foxtail millet field can contain 0.15-0.27% and up to 3% interspecific hybrids (De Wet et al. 1979; Till-Bottraud et al. 1992) , which is high enough to make gene flow inevitable.
The herbicide resistances were obtained through interspecific crosses and classical breeding (Darmency and Pernès 1985; Wang et al. 1996; . Some herbicide-resistant varieties are now registered in China because hand weeding is no longer possible. Their development requires more knowledge about their behavior in the farmers' fields and the impact of the transfer of herbicide resistance genes into wild populations of green foxtail. The experiments consisted of recording the number of interspecific hybrids produced by green foxtail plants within the foxtail millet fields and the adjacent or external crop-free rings over 6 years in two locations of different agro-ecology in China.
MATERIALS AND METHODS
Plant material: Resistance to three different herbicides in foxtail millet was obtained by interspecific crosses between the Chinese cultivars of S. italica and herbicide-resistant Canadian and French accessions of S. viridis in the Weed Laboratory in Dijon. Resistance to triazines was shown to be maternally inherited and endowed by the chloroplast psbA gene encoding the D1 protein (Darmency and Pernès 1985; ). Resistance to dinitroanilines was shown to be due to a nuclear a2-tubulin gene recessive to the wild type (Wang et al. 1996; Délye et al. 2004; ). Resistance to cyclohexanediones was due to the nuclearencoded chloroplast ACCase gene inherited as a dominant trait Délye et al. 2002) . Lines derived from these hybrids were further bred at the Crop Germplasm Institute in Beijing through backcrossing and progeny selection, and homozygous lines were selected for this study: AR638 resistant to atrazine with maternal inheritance, TR2 and TR68 resistant to trifluralin with nuclear recessive inheritance, and SR3522 resistant to sethoxydim with nuclear dominant inheritance (the latter line was certified as an elite cultivar in China in 2004).
Field location: The herbicide-resistant material was cultivated for 4 successive years, from 1999 to 2002, on the same fields in two locations. The Chicheng location is 150 km north of the Great Wall and belongs to Zhangjiakou city, Hebei province, a typical spring-sowing millet area. The Xinji location is 300 km south of Beijing and belongs to Shijiazhuang city, Hebei province, a typical summer-sowing millet area. In each location, the maternal, recessive, and dominant inherited resistant lines were planted in three different places separated by 1.7-4 km. All the experimental places were .600 m away from other foxtail millet fields to prevent any interference between experiments and other pollen sources.
Experimental design: Every field had almost the shape of a disk and covered an area of $1.1 ha. The central 60-mdiameter disk, i.e., $0.28 ha, was planted with one of the resistant lines. The resistant foxtail millet was sown and cultivated according to routine practices in the corresponding region, with a density of 520,000 plant (pl) ha À1 in Chicheng and 750,000 pl ha À1 in Xinji (0.33 m between rows). The remaining area around the central 0.28-ha disk was not ploughed and not sown with the crop. Weed control was carried out against broad-leaved species, and any foxtail millet volunteer identified in that area was destroyed before flowering.
Seed sampling: Every field was divided into three areas to sample green foxtail seeds (Figure 1 ). The central part where the herbicide-resistant crop was grown (0.28 ha) was harvested on 32 plots of 2 3 2 m size, representing 4.5% of the crop area. The adjacent 10-m-large ring (0.22 ha) and the external 20-mlarge ring (0.63 ha) were harvested on 24 plots each, representing 4.4 and 1.5% of each area, respectively. The sampling plots were designed following eight directions. The directions were changed every year to avoid sampling in the same place. netting to prevent any effect of rodents. The total number of green foxtail plants per plot was recorded, and several whole plants were bagged at random after flowering using plastic net bags to avoid seed shedding and bird damage. Once the bags had been collected, the resistant crop area was harvested and the yield was measured. Seeds of green foxtail from the same area were bulked and counted.
Germination and resistance tests: To overcome the dormancy problem of wild plants and to increase seed germination ratio to at least 60%, the seeds were kept at room conditions for .6 months, and then each of the three following treatments was assayed on a 1000-seed sample of every location, field, and year, and the one resulting in higher germination was used in each case (Wang et al. 2001) : (1) seeds were dipped in 3% H 2 O 2 for 8-10 hr and then air dried; or (2) seeds were put in 2.88 3 10 À6 mol/liter gibberellic acid solution at 2°-6°for 50 hr and then air dried; or (3) seeds were churned slowly in 98% H 4 SO 4 for 5 min and then immediately and abundantly washed with water, air dried, dipped in water for 8-10 hr, and finally air dried. Around 30% of the collected seeds were conditioned with the appropriate pretreatment and then sown in plastic trays (67 3 46 3 15 cm) on a filter paper supported by 1 cm vermiculite containing a herbicide solution: 0.1 ppm for trifluralin (Treflan EC, Dow Elanco, France) and 62 ppm for sethoxydim (Nabu, Jagri, France). The herbicides have no significant effect on the early phase of germination (Wang et al. 2001) . After 3 days at 25°, the germinated seeds had roots .0.5 cm even if they were inhibited by the herbicide. The nongerminated seeds with roots generally 0.2-0.3 cm were discarded while seedlings with 0.5-to 0.8-cm-long roots were counted as susceptible and those with 2-to 3-cm-long roots were counted as resistant. Seeds to test atrazine resistance were sown in trays loaded with mixed vermiculite soil (3:1) and treated with three times the recommended dose at the four-leaf stage, i.e., 3600 g ha À1 active ingredient of atrazine (Youqujin, Xuanhua Agricultural Chemical Factory). All emerged seedlings were counted and the mortality was observed 2 weeks after the treatment. A few of the resistant seedlings were transplanted in pots in the greenhouse and their hybrid status (F 1 or F 2 ) was always confirmed by their morphology intermediate between the crop and its wild relative . We assumed that all the hybrid seeds have germinated due to the paternal contribution of the crop that lacks seed dormancy, but dominance of seed dormancy and attributes contributing to dormancy are not yet clearly established (Dekker 2003; Darmency 2005) . Therefore, the rate of herbicide-resistant hybrids was the number of resistant seedlings divided by the total seed number (we assumed that nongerminated seeds were dormant), thus running the risk of underestimation of the frequency of hybrid-resistant seeds.
Statistical analyses: To check that experimental conditions for pollen flow were similar among the two locations, places (for each resistance), areas (crop, adjacent, or distant), and years, the number of plants per plot was analyzed through a fixed-model ANOVA including location, resistance (within location), area, and year as factors. Mean values were given with SEM. Results of herbicide treatments were bulked per area, and regression of the percentage of hybrid in terms of the number of years elapsed from the beginning of the experiment was performed using SYSTAT software version 10 (SPSS, 1999).
RESULTS
General data: The number of green foxtail plants recorded in the fields over the years was rather similar among locations, fields, crop areas, and crop-free rings:
1.53 6 0.05 pl m À2 (ANOVA results not shown). Each sampled plant produced on average 1430 6 50 seeds on the main ear and tillers. This represented a low pollen pressure compared to the 52 (in Chicheng) or 75 (in Xinji) pl m À2 of the foxtail millet in the crop area. The average weight of 1000 seeds was 2.72 6 0.03 g for the crop vs. 0.80 6 0.01 g for the wild species. Not a single large seed had ever been observed in the trays, indicating that there was no seed contamination. The average germination rate was 68.9 6 0.8% with few variations among locations, areas, and years because the best conditioning treatment was chosen in each case. The resistant seedlings always had a seed size and shape similar to that of green foxtail and never had that of the crop, as expected for hybrids with the wild species as mother. The total number of resistant seeds was 501 for .3 million seeds analyzed, with large differences among the three resistance inheritances (Table 1) . Resistant seeds were observed within the crop area, but also in the adjacent and external areas. The average percentage of resistant seeds over the 6 years of study decreased as the distance from the pollen source increased (Figure 2) .
The nuclear dominant resistant line: In the first year, the average percentage of resistant seeds produced by the green foxtail plants growing within the crop area of the sethoxydim, nuclear dominant, resistant line was 0.039%. Subsequently, it increased linearly, with the equation y ¼ 0.0248x (y is percentage and x the number of years after 1998; F 1,7 ¼ 108.3, P , 0.001, adjusted R 2 ¼ 0.94; SE of parameter ¼ 0.0024). The maximum percentage was reached in 2002 in Xinji with 0.097% resistant hybrids. Then, in the absence of the resistant pollen donor in 2003 and 2004, the frequency decreased to an average of 0.023% (Figure 3 ). The former increase was probably due to the sum of the new hybrids of the year plus the resistant seed production by one or several of the hybrids released the previous year. Only hybridresistant progeny accounted for the last 2 years. In the adjacent and external areas, only one or two hybrids were found in the first 3 years. Then a peak was observed in 2002, with up to 0.057% of the collected seeds in Chicheng. The resistant seeds finally decreased to 0.010% in both areas in the absence of a pollen donor in 2004 ( Figure 4 ). The nuclear recessive resistant line: In the first year, no resistant seed was detected in any of the three areas, as expected when the resistance gene is recessive and therefore not expressed in hybrids. Resistant seeds appeared during the second year within the crop area, the third year in the adjacent area, and the fourth year in the external area (Figures 3 and 4) . In the crop area it increased linearly at a lower rate than for the nuclear dominant inherited resistance, with the equation y ¼ 0.0063x (y is percentage and x the number of years after 1999; F 1,9 ¼ 202.2, P , 0.001, adjusted R 2 ¼ 0.96; SE of parameter ¼ 0.0004). The maximum percentage was reached in 2003 in Xinji with 0.027% resistant hybrids.
Then, in 2004, which was the second year in the absence of the resistant pollen donor, the frequency decreased slightly to an average of 0.019% (Figure 3) . A similar trend, but with lower values, was observed in the adjacent and external areas (Figure 4) .
The cytoplasmic maternal resistant line: Of 1 million seeds analyzed, only 2 resistant seeds were found within the crop area. The resistant seed found in 2003 was certainly not a F 1 hybrid, but a progeny of some previous hybrid, because there was no more resistant millet grown that year.
DISCUSSION
Sampling strategy: Since the resistant seeds could be true F 1 hybrids in the first year only, and then F 1 hybrids or hybrid progeny the following years, casual bagging and the harvest of F 1 hybrids originated in the field the previous year could have caused the overestimation of the frequency of the resistance gene. However, previous studies showed that hybrids had 3 times fewer tillers and spikes , 4 times less spikelet fertility for the main spike (Darmency and Pernès 1985; Wang et al. 2001) , and 12 times less fertility for secondary tillers (Wang et al. 2001 ) than their green foxtail parents. Similar results were found in Li et al. (1945) and reported in Gu (1987) . Although no direct estimate of the relative fitness of hybrids has ever been carried out, it is likely that the contribution of one hybrid to a seed sample would be $30 times less than for a green foxtail, that is, a few seeds only, of which 75 or 25% are resistant in the case of a nuclear dominant or a recessive gene, respectively. Therefore, collecting the seed output of a hybrid would not greatly change the frequency of the resistant phenotype in the sample. The scores of one or two homozygous-resistant seeds observed in the samples of 2000 and 2001 for the recessive resistance, although the mother plant was necessarily a hybrid, confirmed this assumption. Similarly, although the entire progeny of a hybrid having inherited a cytoplasm-encoded resistance should be completely resistant (Wang et al. 2004) , only one resistant seed was found on two separate occasions, indicating that our sampling strategy was very appropriate for representing the whole foxtail millet population. Finally, we must remark that our experiment left the uncropped areas uncultivated to leave the seeds on the surface and to maximize the chance of growing plants from the last seed rain. Therefore, we overestimated the resistance frequency by preventing resistant seed from entering the soil seed bank and susceptible seeds from coming up from deep soil layers, as in a normal ploughed field.
Pollen dispersal: Both nuclear dominant and recessive-resistant seeds were found in the adjacent and external areas, indicating pollen movement. The only data that rely effectively on direct hybridization are those of the first year: 0.039, 0.007, and 0.002% at 0, 5, and 20 m, respectively, for the dominant resistance. These values are .10 times lower than those observed in previous works: 1.1, 0.08, and 0.018% at the same distances for an interspecific cross (Wang et al. 2001) and 1, 0.09, and 0.002% for an intraspecific cross , respectively. Such low values may be explained by a higher pollen competition due to the green foxtail at a density of 1.53 pl m À2 over all the fields, while in the previous experiments there were few target plants placed along radiating lines only, so that the pollen competition was lower (Wang et al. , 2001 . When data were averaged over years, from 1999 to 2004 for the dominant resistance and from 2000 to 2004 for the recessive resistance, resistance percentages in the adjacent and external areas were only two to three times lower than within the crop area (Figure 2) . Progeny of hybrids and seed movement among areas could explain this low decrease compared to the quick drop of pollen dispersal in 1-year studies, and this feature should be taken into account when modeling the regional dispersal of resistant plants from transgenic fields.
Comparison of the three inheritance systems: Assuming that the hybridization rate was 0.039% as in 1999-the first year with the dominant resistant line--and that the chloroplast gene transmission was 0.03% as observed over .700,000 hybrids in a previous work (Wang et al. 2004) , no more than 0.1 atrazine-resistant F 1 hybrid was expected over 1 million seeds. With so few effectively identified hybrids, it is therefore difficult to conclude that there is any difference between the expected and the observed results, a 2 3 10 À6 frequency in the weed populations. The strategy of using the chloroplast gene resulted in the occurrence of 190 times fewer resistant plants among the weedy relatives than the use of the dominant resistance. The transmission of plastids is considered as exceptional, but low rates and large numbers of target plants make it unavoidable (Wang et al. 2004; Svab and Maliga 2007) . The resulting gene flow is of the same order of magnitude as the spontaneous mutation rates typically cited for plants, although mutations in chloroplast could occur at even lower rates ( Jaseniuk et al. 1996) . Therefore, the strategy appears to be as safe as possible, apart from the fact that the reciprocal cross (i.e., a foxtail millet plant pollinated by a green foxtail) could also occur (TillBottraud et al. 1992) and would inevitably produce a resistant hybrid within a shorter period of time than that necessary for a mutant to occur.
The strategy of using the nuclear recessive gene resulted in three times fewer resistant plants than with the dominant gene. However, the frequency of resistant plants was very similar for both nuclear genes at the end of the experiment, when no more pollen flow from the crop could create new hybrids. The main difference between the two kinds of gene inheritance lies in the lack of expression of the resistance in the first-generation hybrids in the case of the recessive gene. Consequently, under usual agricultural conditions where herbicides are sprayed, the interspecific hybrids will die (which was not the case in our experiment because no herbicide was used). Indeed, very few examples of herbicide resistance occurring in weeds are known to be recessively inherited ( Jaseniuk et al. 1996) , which suggests that it is a practical barrier to the emergence of this kind of mutation in field conditions. Engineering herbicide-resistant recessive transgenes is perhaps a gene flow mitigation process to be investigated further.
Impact of the pollen dispersal: None of the three strategies was 100% effective. The three kinds of gene resulted in the presence of resistant plants in the fields and their neighborhoods, even 1 or 2 years after the growing of a resistant crop had stopped and in the absence of herbicide selection pressure. The estimated hybridization rate of 0.039% represents 0.85 hybrid m À2 produced within the crop area and 0.07 hybrid m À2 produced on average in the surrounding areas. This is a huge quantity of new hybrids released within the crop area (2400) and in the neighborhood (600) every year for a field as small as 0.28 ha, which offers a large possibility of gene flow. Compared to other autogamous cereals, gene flow from foxtail millet to its closest wild relative was lower than in the case of wheat to Aegilops sp. (Morrison et al. 2002; Loureiro et al. 2007) , but fell in a range similar to that of rice to wild and weedy rice (Geally 2005) . However, the proximity of the crop and the wild genomes make the hybrids more productive than in wheat, so that the persistence of crop genes into the wild populations is certainly higher. As indicated above, hybrid fitness is largely reduced compared to that of its wild parent, which is often the case for interspecific hybrids but not always (Arnold and Hodges 1995; Ellstrand and Schierenbeck 2000) , although, given the high tiller and seed production of the Setaria group, the release of progeny is warranted. By segregation of traits in the F 2 progeny and further generations, typical green foxtail individuals that produce as many seeds as green foxtail and with the same dormancy behavior can be released. The presence of resistant plants over the last 2 years in the absence of the resistant crop confirmed that resistant seeds were continuously produced and had the opportunity of being buried in the soil, making herbicide-resistant genes prone to disperse in space and time into both local and adjacent wild populations and to enter the soil seed bank. While containment strategies recommend rotating herbicides or using herbicide mixtures (Wrubel and Gressel 1994) , the good practice recommendations as regards the recessive gene to reduce the risk of dispersal would be a continuous treatment with the same herbicide(s) to allow the destruction of all the hybrids, thus stopping the gene flow process at its very early stage. Obviously, in addition to dispersal of pollen, some other mechanisms could favor gene dispersal, including seed losses during harvest, conditioning, and truck transportation. However, although some foxtail millet plants do appear in waste areas, roadsides, and villages in production areas in China, they are not reported to form feral populations (Darmency 2005) , and therefore they do not represent hot spots where interspecific hybridization and gene transfer could occur. Gene flow between foxtail millet and green foxtail certainly occurred from the early domestication of the crop, resulting in the giant green foxtail [S. viridis ssp. pycnocoma (Steud) Tzvelez (Darmency 2005] , but the transfer of herbicide-resistant genes could now modify its fitness value and desirability in modern agriculture fields. Associating biological containment tools and field management strategies is a necessary task to control the spread of herbicide-resistant weeds.
